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Abstract
A self-similar MHD cylindrical shock wave is investigated in a non-uniform rotating non-ideal gas under the action of monochro-
matic radiation. The ﬂuid velocities and the initial magnetic ﬁeld of the ambient medium are assumed to be varying and obeying
power laws. The gas is assumed to be non-ideal having inﬁnite electrical conductivity and as the distance from the axis in-
creases the angular velocity of the ambient medium decreases. Also, when the surrounding medium is of constant density then
only similarity solutions exist. It is investigated that increase in the non-idealness of the gas, the adiabatic exponent of the gas
and the strength of ambient magnetic ﬁeld have decaying eﬀect on the shock wave. Also, it is observed that an increase in the
non-idealness of the gas and adiabatic exponent of the gas has same eﬀect on the ﬂow variables except the radial component of
ﬂuid velocity, the pressure and the magnetic ﬁeld.
c© 2015 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the organizing committee of ICCHMT – 2015.
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1. Introduction
The problems of the interaction of radiation with gas dynamics have been studied by many authors by using
the self-similar method developed by Sedov [1]. Elliott [2] has developed a similarity solution in radiation gas
dynamics considering the gas to be optically thick. Wang [3], Helliwell [4] and Nicastro [5] treated the problems
of stationary or moving radiating walls generating shock at the head of self-similar ﬂow-ﬁelds. The self-similar
solutions for the central explosions in stars with radiation ﬂux have been obtained by the Ray and Bhowmick [6] by
taking shock isothermal and transparent. Under the action of monochromatic radiation the self-similar problem of
the motion of a gas was discussed by Khudyakov [7]. By taking into account of the absorption of monochromatic
radiation a family of exact solutions of one dimensional motion of a perfect gas in plane, cylindrical or spherical
symmetry has been developed by Zheltukhin [8]. The propagation of cylindrical shock waves in non-rotating
or rotating perfect gas under the action of monochromatic radiation have been studied by Nath and Takhar [9]
and Nath [10]. Under the action of monochromatic radiation Nath [11] and Vishwakarma and Pandey [12] have
considered the eﬀect of magnetic ﬁeld on the propagation of cylindrical shock waves by using the method of
self-similarity.
The problem of propagation of magnetogasdynamic shock waves in a rotating interplanetary atmosphere as-
sumes special signiﬁcance in the study of astrophysical phenomena.
In extreme conditions the assumption that the gas is ideal is no longer valid that prevail in most of the problems
related to shock waves. The popular alternative to the ideal gas could be a simpliﬁed Van der Waals model. To
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discuss the shock wave theory of sonoluminescence Wu and Roberts [13] and Roberts and Wu [14] have adopted
this model. We too adopt this as our model of a non-ideal gas, in the present work, to ﬁnd how the deviations from
the perfect gas will have an eﬀect on the self-similar solutions.
The purpose of this study is to obtain the self-similar solutions for the ﬂow behind a magnetogasdynamic cylin-
drical shock wave with monochromatic radiation propagating in a rotational axisymmetric non-ideal gas perme-
ated by an azimuthal magnetic ﬁeld with constant density, which has a variable azimuthal and axial ﬂuid velocities
(Levin and Skopina [15], Nath [16,17]). In the ambient medium the ﬂuid velocities and the azimuthal magnetic
ﬁeld are assumed to vary and obey the power laws. Also, it is assumed that the angular velocity of rotation of the
ambient medium decreasing as the distance from the axis increases and to be obeying a power law. It is expected
that such an angular velocity could occur in the atmospheres of rotating planets and stars. The eﬀects of variation
of the Alfven-Mach number, the parameter of non-idealness of the gas and the ratio of the speciﬁc heat of the gas
on shock strength and ﬂow variables are obtained. The shock strength decrease with an increase in the strength of
ambient magnetic ﬁeld or adiabatic exponent of the gas or the non-idealness of the gas.
2. Equations of Motion and Boundary Conditions
The fundamental equations for unsteady adiabatic, one-dimensional axisymmetric rotational ﬂow of an electri-
cally conducting non-ideal gas under the action of monochromatic radiation and an azimuthal magnetic ﬁeld, in
Eulerian coordinates, can be expressed as (Khudyakov [7], Nath [10,11], Levin and Skopina [15], Nath [16,17],
Greiﬁnger and Cole [18], Zedan [19])
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∂ j
∂r
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where t and r are independent time and space coordinates; w, v and u are the radial, azimuthal and axial components
of the ﬂuid velocity −→q in the cylindrical coordinates (r, θ, z); p, h, ρ, e and j are the pressure, the azimuthal magnetic
ﬁeld, the density, the internal energy per unit mass and the monochromatic radiation at a radial distance r and time
t respectively; μ is the magnetic permeability and K is the absorption coeﬃcient. Here the electrical conductivity
of the gas is assumed to be inﬁnite.
Also, v = Ar, (8)
where ‘A’ is the angular velocity of the medium at radial distance r from the axis of symmetry. In this case the
vorticity vector
−→
ζ =
1
2
Curl −→q has the components
ζr = 0, ζθ = −12
∂u
∂r
, ζz =
1
2r
∂
∂r
(rv). (9)
The system of equations (1) - (7) should be supplemented with an equation of state. We assume that the gas
obey a simpliﬁed van der Waal equation of state of the form (Wu and Roberts [13], Roberts and Wu [14], Nath
[17])
p =
Γ T
(ν − b) ; e = CvT =
p(ν − b)
(γ − 1) , (10)
where Γ is the gas constant, T is the temperature, ν =
1
ρ
is the speciﬁc volume, Cv =
Γ
γ − 1 is the speciﬁc heat at
constant volume and γ is the ratio of speciﬁc heats. The constant b is the van der Waal excluded volume; it places
a limit, ρmax =
1
b
, on the density of the gas.
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The absorption coeﬃcient K is considered to vary as (Khudyakov [7], Nath [10,11])
K = K0 ρn pm jq rs tl, (11)
where the coeﬃcient K0 is a dimensional constant and the exponents m, n, q, s, l are rational numbers.
A diverging cylindrical shock wave is assumed to be propagating outwards from the axis of symmetry in the
undisturbed non-ideal gas with constant density, which has zero radial velocity, a variable azimuthal and axial
velocities in the presence of an azimuthal magnetic ﬁeld. The ﬂow variables immediately ahead of the shock front
are w = w0 = 0, (12)
ρ = ρ0 = constant, (13)
v = v0 = v∗ Rλ, (14)
u = u0 = u∗ Rσ, (15)
h = h0 = h∗ R−δ, δ > 0, (16)
where v∗, u∗, h∗, λ, σ and δ are constants, R being the radius of shock surface, and the subscript ‘0’ refers to the
conditions immediately ahead of the shock front.
In the undisturbed state of the gas the momentum equation (2), gives
p0 =
μh∗2 (1 − δ)
2δ
R−2δ +
v∗2 ρ0
2λ
R2λ. (17)
Ahead of the shock, the components of the vorticity vector, therefore vary as
ζr0 = 0, (18)
ζθ0 = −
u∗σ
2
Rσ−1, (19)
ζz0 =
(1 + λ)v∗
2
Rλ−1. (20)
From equations (8) and (14), we ﬁnd that the initial angular velocity vary as
A0 = v∗ Rλ−1. (21)
The jump conditions across the magnetogasdynamic shock propagating into non-ideal gas which is transparent
for the radiation ﬂux, are given by
ρ1 =
ρ0
β
, w1 = (1 − β)U, v1 = v0,
p1 =
⎡⎢⎢⎢⎢⎣(1 − β) + 1
γM∗2
+
M−2A
2
(
1 − 1
β2
)⎤⎥⎥⎥⎥⎦ ρ0U2, (22)
u1 = u0, h1 =
h0
β
, j1 = j0
where the subscript ‘1’ denotes the conditions immediately behind the shock front, U
(
=
dR
dt
)
denotes the velocity
of the shock front, M∗ =
(
ρ0U2
γp0
) 1
2
is the shock-Mach number referred to the frozen speed of sound
(
γp0
ρ0
) 1
2
and
MA =
⎛⎜⎜⎜⎜⎝ρ0U2
μh20
⎞⎟⎟⎟⎟⎠
1
2
is the Alfven-Mach Number. The density ratio β (0 < β < 1) across the shock front is obtained by
the cubic equation
β3 − β2
⎡⎢⎢⎢⎢⎢⎢⎣ 2(γ + 1)M∗2 +
2b + γ
(
1 + M−2A
)
− 1
(γ + 1)
⎤⎥⎥⎥⎥⎥⎥⎦ + β
⎡⎢⎢⎢⎢⎣b + γ − 2(γ + 1)
⎤⎥⎥⎥⎥⎦ M−2A + bM
−2
A
(γ + 1)
= 0. (23)
Following Levin and Skopina [15] and Nath [16,17], we get the jump conditions for the components of vorticity
vector across the shock front as
ζθ1 =
ζθ0
β
; ζz1 =
ζz0
β
. (24)
The dimensions of the constant coeﬃcient K0 in equation (11) are given by (Vishwakarma and Pandey [12])
[K0] = M−n−m−q L3n+m−s−1 T 2m+3q−l. (25)
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Following the approach of Sedov [1], we obtain the conditions under which the formulated problem will have
self-similar solutions. The dimensional constants in the present problem will be j0, p0, ρ0 and K0 in which ρ0, p0,
j0 are related as
j0 = p
3/2
0 ρ
−1/2
0 . (26)
For self-similarity the radiation absorption coeﬃcient K0 must be dependent on the dimensions of ρ0, j0 which is
equivalent to s + l = −1. The self-similar independent dimensionless variable η is taken in the form η = r
R
, where
R = β j1/30 ρ
1/3
0 t. (27)
The value of the constant β is so chosen that η = 1 at the shock surface.
3. Self–Similarity Transformations
To obtained the similarity solutions, the ﬁeld variables describing the ﬂow pattern can be written in terms of the
dimensionless functions of η such that (Nath [10,11], Vishwakarma and Pandey [12], Nath [17])
w = UW(η), v = Uφ(η), u = UV(η), ρ = ρ0 G(η),
p = ρ0U2P(η),
√
μ h =
√
ρ0 UH(η), j = j0 J(η), (28)
where W, φ, V, G, P, H and J are function of η only.
For the existence of similarity solutions ‘M∗’ and ‘MA’ should be constants, therefore
− δ = λ. (29)
Thus,
M∗2 =
2 μ δ h∗2
γ
[
μh∗2(1 − δ) − v∗2ρ0
] M2A. (30)
Using the similarity transformation (28), the system of governing equations (1)–(7) can be transformed and
simpliﬁed to the following system of ordinary diﬀerential equations:
W ′ =
γPW −WGδη(η −W) (1 − bG) + (H2 − φ2G)(η −W)(1 − bG) − (2P + H2)δη(1 − bG) − (γ − 1)
γ
3
2 M∗3
(ηJ′ + J)
η
[
G (η −W)2 (1 − bG) − γP − H2(1 − bG)
] ,(31)
H′ =
H (W′ − δ)
(η −W) , (32)
P′ =
γP (W′η +W) − 2 P δ η (1 − bG) − (γ − 1)
γ
3
2 M∗3
(ηJ′ + J)
η (η −W) (1 − bG) , (33)
φ′ =
φ (W − δ η)
η (η −W) , (34)
V ′ =
−Vδ
(η −W) , (35)
J′ = ξ
(
γ
3
2 M∗3
)−q
ηs Gn Pm Jq+1, (36)
where
ξ = K0 (1 + δ)s+1 ρ
n+m+q
0 , (37)
Also, 2m+ 3q+ s+ 1 = 0 was necessary to use to obtain the similarity solution. The quantity ξ is a dimensionless
constant taken as the parameter which characterizes the interaction between the gas and the incident radiation ﬂux
(Khudyakov [7], Nath [10,11]).
Applying the similarity transformations on equation (9), we obtained the non-dimensional components of the
vorticity vector lr =
ζr
U/R
, lθ =
ζθ
U/R
, lz =
ζz
U/R
in the ﬂow-ﬁled behind the shock as
lr = 0, (38)
lθ =
V δ
2 (η −W) , (39)
lz =
φ (1 − δ)
2(η −W) . (40)
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The shock conditions (22) are transformed into
W(1) = (1 − β), G(1) = 1
β
, P(1) = (1 − β) + 1
γM∗2
+
M−2A
2
(
1 − 1
β2
)
,
φ(1) =
v∗ (2δ)
1
2 (1 + δ)
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1
6
[
μh∗2(1 − δ) − v∗2ρ0
] 1
2
, V(1) =
u∗ (2δ)
1
2 (1 + δ)
β (ρ0)
1
6
[
μh∗2(1 − δ) − v∗2ρ0
] 1
2
, (41)
H(1) =
M−1A
β
, J(1) = 1,
where it is necessary to use σ = λ = −δ to obtain the similarity solution.
At the inner boundary surface (piston) of the ﬂow-ﬁeld behind the shock, the condition is that the velocity of
the surface is equal to the normal velocity of the ﬂuid on the surface. This kinematic condition from equation (28)
can be written as W(ηp) = ηp, (42)
where ηp is the value of η at the inner surface.
Normalizing the variables w, v, u, p, ρ, h and j with their respective values at the shock, we obtain
w
w1
=
W(η)
W(1)
,
v
v1
=
φ(η)
φ(1)
,
u
u1
=
V(η)
V(1)
,
p
p1
=
P(η)
P(1)
,
ρ
ρ1
=
G(η)
G(1)
,
h
h1
=
H(η)
H(1)
,
j
j1
=
J(η)
J(1)
. (43)
4. Results and discussion
The set of diﬀerential equations (31) - (36) have been integrated numerically with the boundary conditions (41)
and (42) to obtain the distributions of the ﬂow variables in the ﬂow-ﬁeld behind the shock front by the fourth order
Runge-Kutta method. For the purpose of numerical integration, the values of the constant parameters are taken
to be (Khudyakov [7], Nath [10,11], Nath [16,17], Rosenau and Frankenthal [20]) γ =
4
3
,
5
3
; n = −1
2
; q =
0; s = 1; m = −1; ξ = 0.1; δ = 1
2
; M∗ = 5; M−2A = 0.0, 0.01, 0.05, 0.1; b = 0, 0.1. The value b = 0
corresponds to the perfect gas case. The value M−2A = 0 corresponds to the non-magnetic case. The present work is
the extension of the work of Nath [10] by considering the radial, azimuthal and axial components of velocity and
the components of the vorticity vector. The gas is assumed to be non-ideal and inﬁnitely conducting permeated by
an azimuthal magnetic ﬁeld in a rotating atmosphere (see ﬁgures 1(c, f, h, i)). In ﬁgures 1(a, b, d, e, g) curves 1, 2
corresponds to the solution obtained by Nath [10], these curves show a good agreement with solution obtained by
Nath [10].
Table 1: The density ratio β across the shock and the position of the inner surface ηp for diﬀerent values of M−2A , b and γ with n = −
1
2
;
q = 0; s = 1; m = −1; ξ = 0.1; M∗ = 5; δ = 1
2
.
M−2A b β Position of the inner surface ηp
γ = 4/3 γ = 5/3 γ = 4/3 γ = 5/3
0.00 0 0.177143 0.28000 0.820552 0.743801
0.05 0.220000 0.317500 0.798943 0.724665
0.1 0.262857 0.355000 0.776666 0.704909
0.01 0 0.197336 0.290552 0.730635 0.664928
0.05 0.233108 0.325244 0.713502 0.647548
0.1 0.271704 0.360794 0.694562 0.629147
0.05 0 0.260545 0.330179 0.591170 0.543588
0.05 0.281960 0.356275 0.580961 0.531221
0.1 0.308270 0.384963 0.568763 0.517497
0.1 0 0.322798 0.375765 0.497959 0.462809
0.05 0.336730 0.394882 0.491238 0.454036
0.1 0.354404 0.416913 0.483109 0.444066
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(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
Fig. 1: Variation of the reduced ﬂow variables in the region behind the shock front (a) radial component of ﬂuid velocity
w
w1
, (b) azimuthal
component of ﬂuid velocity
v
v1
, (c) axial component of ﬂuid velocity
u
u1
, (d) pressure
p
p1
, (e) density
ρ
ρ1
, (f) azimuthal magnetic ﬁeld
h
h1
,
(g) the radiation ﬂux
j
j1
, (h) non-dimensional azimuthal component of vorticity vector lθ, (i) non-dimensional axial component of vorticity
vector lz : 1. M−2A = 0, γ =
4
3
, b = 0; 2. M−2A = 0, γ =
5
3
, b = 0; 3. M−2A = 0, γ =
4
3
, b = 0.1; 4. M−2A = 0, γ =
5
3
, b = 0.1;
5. M−2A = 0.01, γ =
4
3
, b = 0; 6. M−2A = 0.01, γ =
5
3
, b = 0; 7. M−2A = 0.01, γ =
4
3
, b = 0.1; 8. M−2A = 0.01, γ =
5
3
, b = 0.1;
9. M−2A = 0.05, γ =
4
3
, b = 0; 10. M−2A = 0.05, γ =
5
3
, b = 0; 11. M−2A = 0.05, γ =
4
3
, b = 0.1; 12. M−2A = 0.05, γ =
5
3
, b = 0.1.
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Figures 1(b)-(i) show that the reduced azimuthal component of ﬂuid velocity
v
v1
, the reduced density
ρ
ρ1
, the
reduced pressure
p
p1
and the reduced radiation ﬂux
j
j1
decreases, but the reduced axial component of ﬂuid velocity
u
u1
, reduced azimuthal magnetic ﬁeld
h
h1
, the reduced azimuthal and axial component of vorticity vector lθ and lz
increases as we move from the shock front to the inner surface ingeneral.
From Table 1 and Figures 1(a)-(i) it is found that the eﬀects of an increase in the value of the parameter of
non-idealness of the gas b are
(i) to increase the value of β i.e. to decrease the shock strength, (see Table 1);
(ii) to decrease ηp, i.e. to increase the distance of the piston from the shock front. Physically it means that the gas
behind the shock is less compressed, i.e. the shock strength is decreased which is same as in (i) above (see
Table 1);
(iii) to increase the ﬂow variables
w
w1
,
v
v1
and
ρ
ρ1
, but to decrease the ﬂow variables
u
u1
, lθ and lz at any point in
the ﬂow-ﬁeld behind the shock front (see Figures 1(a-c, e, h-i) );
(iv) to increase the reduced pressure
p
p1
and reduced magnetic ﬁeld
h
h1
ingeneral, whereas
p
p1
decreases for
M−2A = 0.05, γ =
4
3
(see Figures 1(d and f));
(v) to increase the reduced radiation ﬂux
j
j1
, whereas it almost unaﬀected with b in the absence of magnetic ﬁeld
(see Figure 1(g)).
The eﬀects of an increase in the value of adiabatic exponent of the gas γ are
(i) to increase the value of β i.e. to decrease the shock strength (see Table 1);
(ii) to increase the distance of the piston from the shock front, i.e. the ﬂow-ﬁeld behind the shock become
somewhat rareﬁed. This shows the same result as given in (i) above, i.e. there is a decrease in the shock
strength (see Table 1);
(iii) to increase the ﬂow variables
p
p1
,
ρ
ρ1
and
v
v1
, whereas to decrease the ﬂow variables
u
u1
, lθ and lz at any point
in the ﬂow-ﬁeld behind the shock front (see Figures 1(b-e, h-i) );
(iv) to increase
w
w1
, whereas it decreases for M−2A = 0, b  0 (see Figure 1(a));
(v) to decrease
h
h1
when M−2A = 0.01, but increases it when M
−2
A = 0.05 (see Figure 1(f));
(vi) to increase the reduced radiation ﬂux
j
j1
, but
j
j1
is almost unaﬀected with γ when M−2A = 0 (see Figure 1(g)).
The eﬀects of an increase in the value of M−2A (i.e. the eﬀect of an increase in the strength of ambient magnetic
ﬁeld) are
(i) to decrease ηp, i.e. the shock strength is decreased (see Table 1);
(ii) to increase the the value of β. This shows the same result as given in (i) above, i.e. there is a decrease in the
shock strength (see Table 1);
(iii) to decrease the ﬂow variables
w
w1
,
u
u1
,
h
h1
, lθ and lz, but to increase
v
v1
at any point in the ﬂow-ﬁeld behind
the shock front (see Figures 1(a-c, f, h, i));
(iv) to increase the reduced density
ρ
ρ1
ingeneral (see Figure 1(e));
(v) to decrease the reduced radiation ﬂux
j
j1
near shock and increase near inner boundary surface (see Figure
1(g)).
5. Conclusion
The present work investigates the unsteady adiabatic self-similar ﬂow behind a cylindrical shock wave prop-
agating in a rotational axisymmetric non-ideal gas in presence of azimuthal magnetic ﬁeld under the action of
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monochromatic radiation. The density of the ambient medium is taken to be uniform. The shock waves in rota-
tional axisymmetric non-ideal gas can be important in the study of shocks in supernova explosions, for description
of a ﬂare produced shock in solar wind, nuclear explosion, central part of star burst galaxies, rupture of a pressur-
ized vessel etc. On the basis of this work, one may draw the subsequent conclusions:
(i) The shock strength decreases and the distance between shock and piston increases with an increase in the
strength of the ambient magnetic ﬁeld or the non-idealness of the gas or the adiabatic exponent.
(ii) An increase in the non-idealness of the gas b increase the ﬂow variables
w
w1
,
v
v1
and
ρ
ρ1
; whereas reverse
behaviour is observed in the case of the ﬂow variables
u
u1
, lθ, lz and the shock strength.
(iii) The reduced radiation ﬂux
j
j1
is almost unaﬀected when M−2A = 0 and it increases when M
−2
A  0 with an
increase in the non-idealness of the gas b
(iv) An increase in the non-idealness of the gas b and the strength of the ambient magnetic ﬁeld M−2A have same
behaviour on the ﬂow variables
v
v1
,
u
u1
, lθ, lz and the shock strength; whereas opposite behaviour is observed
in the case of the ﬂow variable
w
w1
.
(v) An increase in the adiabatic exponent of the gas γ and the non-idealness of the gas b have same behaviour on
the ﬂow variables
v
v1
,
u
u1
,
ρ
ρ1
,
j
j1
, lθ, lz and the shock strength.
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